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1 Introduction

This contribution discusses the UL LBT design for eLAA PUSCH. It focuses on the following agreements in RAN1#84 and subsequent email discussions on UL LBT:
1. Agreements:
· Support UL LBT based on a Cat-4 channel access procedure.

· Support UL LBT based on a CCA of at least 25 µs before the UL transmission burst.

· FFS: Condition and restriction on when these options are used
2. Email discussions 

a. [84-16]: For self-scheduled UL, if UL data transmitted on the unlicensed spectrum within an TXOP obtained by the eNB should be a function of the LBT priority class used by the eNB to obtain the TXOP.
b. [84-14] Blanking one of more OFDM symbols in a subframe within an TXOP to allow:
· UL LBT before a UL transmission OR 
· DL LBT before a DL transmission at the time of a UL to DL switch.
This contribution discusses and evaluates various aspects of eLAA LBT design for PUSCH with respect to the above agreements and options. For reference, it also presents the relevant UL LBT and traffic multiplexing options being discussed in Wi-Fi 802.11ax.
2 Discussion
2.1 LAA UL LBT and Traffic Multiplexing for PUSCH in case of Self-carrier scheduling 
In this section, we investigate the following:

a. Whether for self-carrier scheduling, UL data transmitted on an unlicensed carrier within an TXOP obtained by the eNB should be a function of the LBT priority class used by the eNB to obtain the TXOP. 

b. eNB behavior within a TXOP in case a UL transmission within the TXOP fails due to failure of UL LBT. 
We present simulation results and analysis to understand the nuances of these questions. The simulations consider an Uplink-only configuration on the 3GPP Indoor network layout described in [1]. A UL-only configuration is used in order to delink the behaviour of the UL from the DL and focus solely on the UL transmission scheme in LAA i.e. a UL grant transmitted by the eNB followed by a UL transmission by the UE. However, we have performed both UL-only and DL + UL simulations and the trends observed in both cases are similar. Salient other assumptions are as below:
· A single 20MHz unlicensed carrier.  

· 20 UL BE flows each for LAA and Wi-Fi. Additionally, 2 bidirectional Voice flows for non-replaced Wi-Fi.
· UL grant and the UL transmission occur within the same TXOP won by the LAA eNB. 
· A single UL grant can schedule up to 2 consecutive UL transmissions. This is in line with the agreement in the previous RAN1 meeting.
· Since the simulations are UL-only, we assume that DCI transmissions can occur at slot boundaries and also that a UL transmission corresponding to a DCI can occur at the next slot boundary. We do this to minimize the transmission of dummy DL data to hold the channel between the end of the DCI transmission and up to 1 OFDM symbol before the start of the next slot boundary. The transmission of such DL data is not considered in any of the statistics and packet error (if any) due to collision or interference with the dummy data is ignored. 
· LAA UE uses a Fixed LBT of 25us with an ED threshold of -72dBm before the UL transmission within the TXOP. The 25us Fixed LBT is facilitated by blanking of 1 OFDM symbol.

· LAA eNB uses CAT4 LBT with an ED threshold of -72dBm to obtain the TXOP.  
· Case 1: The eNB uses channel access parameters of Best Effort (BE) to obtain the TXOP with a corresponding MCOT of 8ms. 

· Case 2: The eNB uses the channel access parameters of Voice (VO) and a corresponding MCOT of 2ms. For this configuration, our assumption that a UL transmission can commence at the very next slot boundary enables both the grant and the transmission to occur within the same TXOP. In an actual scenario, the grant and transmission in case of VO channel access will each require separate TXOPs and will lead to worse performance than what has been assumed in this discussion.
· LAA eNB uses 
· CWMin = 15 and CWMax = 63 for BE 

· CWMin = 3 and CWMax = 7 for VO 

· Wi-Fi STAs use CWMin = 15 and CWMax = 1023 for BE.
· The simulated Buffer Occupancy of the non-replaced Wi-Fi network is 0.57.
· Each configuration described below is simulated over 30 seconds and 15 random seeds.

We analyse the following five variations of eNB behavior for each of the two CAT4 LBT combinations BE or VO at the eNB:
Configuration 1.  If UL LBT fails at the UE, the eNB gives up the current TXOP and reattempts CAT4 LBT to resend the DCI.
Configuration 2.  If UL LBT fails at the UE, the eNB performs an immediate Fixed LBT of 25us within the TXOP and resends the DCI.
Configuration 3.  If UL LBT fails at the UE, the eNB performs a Fixed 25us LBT just before the next slot boundary within the TXOP and resends the DCI at beginning of the next slot. 
Configuration 4.  If UL LBT fails at the UE, the eNB resends the DCI at the beginning of the next slot within the TXOP without any additional LBT. 
For the above 4 configurations, we assume a gap of 1 blank OFDM symbol between the end of the DL transmission and the beginning of the UL transmission. 
We also consider the below, as yet hypothetical configuration, where the gap between the end of the DL transmission and the beginning of the UL transmission is reduced to a sub-symbol duration of 25us. This is studied to understand whether reducing the gap time has any impact on LAA UL UPT. So, the fifth configuration is:

Configuration 5.  If a UL LBT fails at the UE, the eNB performs a Fixed 25us LBT just before the next slot boundary within the TXOP and resends the DCI at the beginning of the next slot with the gap between DL DCI and UL transmission reduced to 25us.
Each of the above configurations is run with the two variations Case 1 (BE access parameters used to gain the TXOP) and Case 2 (VO access parameters used to gain the TXOP) described above.
The following figure compares the UL mean UPT of Wi-Fi in a Wi-Fi + LAA network for all the ten different eNB channel access schemes (5 configurations as described above x BE/VO access parameters to obtain the TXOP) to the Wi-Fi UL UPT in a Wi-Fi + Wi-Fi network. 
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Figure 1: % Comparison of Wi-Fi UL mean UPT in Wi-Fi + LAA for different LAA eNB channel access schemes versus Wi-Fi UL mean UPT in Wi-Fi + Wi-Fi
Observations:

1. The fair coexistence criteria for Wi-Fi UL mean UPT is met only when the eNB uses BE access parameters to obtain the TXOP and on UL LBT failure does either of the following:
a. Configuration 1: Relinquishes the TXOP and reattempts CAT4 LBT to resend the DCI.
b. Configuration 3: Performs a Fixed 25us LBT at the next slot boundary within the TXOP and resends the DCI at beginning of the next slot. 

2. The Wi-Fi mean UL UPT is much worse when the eNB uses VO access parameters to obtain the TXOP than when the eNB uses BE access parameters to obtain the TXOP.

The next figure shows the LAA UL mean UPT in a Wi-Fi + LAA network for all the ten different eNB channel access schemes (5 configurations as described above x BE/VO access parameters to obtain the TXOP). The LAA UL UPTs are presented as a % comparison to the LAA UL mean UPT of Configuration 3 where the eNB uses BE access parameters to obtain the TXOP and on UL LBT failure,  performs a Fixed 25us LBT at the next slot boundary within the TXOP and resends the DCI at beginning of the next slot.
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Figure 2: % Comparison of LAA UL mean UPT in Wi-Fi + LAA for different LAA eNB channel access schemes versus the LAA UL mean UPT for Configuration 3 BE
Observations:

1. The LAA UL mean UPT is much worse when the eNB uses VO access parameters to obtain the TXOP than when the eNB uses BE access parameters to obtain the TXOP. The simulations show that both LAA and Wi-Fi UL UPTs degrade in this case. An analysis into the reasons why this happens is presented later in this section.

2. LAA UL mean UPT is the highest in either of the following two schemes:

a. Configuration 5 BE: The gap between the end of the DL transmission and the beginning of the UL transmission is reduced from 1 OFDM symbol to 25us. This is expected.

b. Configuration 1 BE: The eNB gives up the TXOP on UL LBT failure and reattempts CAT4 LBT to resend the DCI. Note from Figure 1 above that this configuration provides the highest Wi-Fi UL mean UPT too.  This configuration also provides the highest LAA UL UPT. An analysis on why this happens is presented later in this section. Note the following:
· The eNB behavior modelled in this configuration is the same as what is implemented in Wi-Fi (reference: section 9.19.2.5 of [5]). 

· A Wi-Fi device always relinquishes a TXOP on failure of the initial frame exchange of that TXOP. Failure of the initial frame indicates the presence of interference in the vicinity of the receiving device. In this case, if the transmitting device continues to transmit within its TXOP, then the presence of the interferer in the vicinity of the receiver can lead to even more errors and the back-to-back failed transmissions would also add more interference to the channel. So, the Wi-Fi scheme is to give up the channel in this case.

· In addition, a Wi-Fi device may relinquish a TXOP on failure of a non-initial frame of that TXOP. Note that this is a “may” since the event that the initial frame exchange succeeds and a subsequent frame exchange fails should not normally occur in a Wi-Fi network. This is because success of the initial frame indicates the absence of interference causing collisions at the receiver. And if there is no interference at the beginning of a TXOP, there should not be any new Wi-Fi interference inside the TXOP, since the Wi-Fi transmitter-receiver pair then perform back-to-back transmissions separated by SIFS and no other Wi-Fi device can start transmitting by sensing the channel to be idle within that duration.

· Unlike a Wi-Fi network, failure of an intermediate UL LBT within a TXOP is not an abnormal condition in a LAA + LAA or a Wi-Fi + LAA network. This is because LAA can have large OFDM symbol level gaps within the transmissions inside a TXOP. These gaps are large enough for a Wi-Fi or an LAA device to sense the channel as idle and start transmitting. So, an LAA TXOP holder should also relinquish the TXOP on failure of any intermediate UL LBT.       
We now present lower level simulation data that explain the observations described above. For each of the 10 different eNB channel access schemes, the table below contains data for the following metrics. Each metric is the average over 15 random seeds and each seed is simulated over 30 seconds.

1. Number of TXOPs won by LAA
2. Number of PDCCH DCIs sent by LAA for scheduling UL grants: The DCIs transmitted for scheduling a UL transmission are essentially an “overhead” in the unlicensed channel; they consume time from within a LAA TXOP without adding to the LAA UL UPT. Such transmission also adds interference to the system. 
3. % of DCIs that failed to get a corresponding UL transmission due to UL LBT failure: This metric signifies “wasted” resource; the % of DCIs that were transmitted and failed to get a UL transmission.
4. Number of DCI retransmissions after 25us Fixed LBT due to UL LBT failure: 

5. Total time spent on DCI transmission:  The total time in seconds that the LAA network spent on transmitting DCIs. This signifies the time lost from an LAA TXOP whose transmission also added interference to the unlicensed channel. So, this time harms both LAA and Wi-Fi UL UPT since this time is taken away from the LAA TXOP and its transmission keeps the channel busy so it can’t be used for Wi-Fi transmissions. The average CFI is 1.6 for all seeds over the PDCCH aggregation levels for different UEs. 
6. Total time spent waiting for DCI retransmission due to UL LBT failure: When a UL transmission fails due to UL LBT failure, the eNB retransmits the DCI either after an immediate 25us Fixed LBT or at the beginning of the next slot within the TXOP. This metric is the time spent in seconds by the eNB in waiting to retransmit such DCIs. As in 5), this metric represents time “lost” from an LAA TXOP, but unlike 5) this is time that a Wi-Fi node can win over and utilize for its own transmission. So, this time harms LAA UL UPT but may help Wi-Fi UL UPT.
7. % Error over Wi-Fi and LAA   
Table 1: Salient simulation metrics for different LAA channel access schemes
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Observations:
1. For all the studied channel access configurations for the LAA eNB, a high percentage of DCIs fail to elicit a corresponding UL transmission due to UL LBT failure. This is a consequence of the Energy Detection-only UL scheduling scheme being proposed for LAA, where the LAA eNB obtains a TXOP using only Energy Detection and allots a part of the TXOP to a UE for UL transmission. ED success at the eNB does not guarantee ED success at the UE. These “wasted” DCI transmissions and “wasted” UL allocations within a TXOP harm UPT for both LAA and Wi-Fi. This problem is not be present in a Wi-Fi + Wi-Fi network for the proposed scheduled UL procedure in 802.11ax, since the TXOP would be protected by NAV, RTS-CTS and the use of preamble detection. The high percentage of wasted DCIs and the corresponding UPT loss points to the case for considering additional coordination between different technologies in the unlicensed spectrum than what is possible by only Energy Detection. 

2. Consider configuration 1, which shows significant difference in both Wi-Fi and LAA mean UL UPT between the case when the eNB uses access parameters for BE and when the eNB uses access parameters for VO to obtain a TXOP. We note the following between VO and BE:
a. The time spent on DCI transmission is 63% higher. 
b. The average error is 24% higher. The higher error is a result of higher collisions in the channel due to the eNB using a smaller contention window for frequent channel access to send a large amount of BE data.

Both the above problems lead to lower UPT for LAA and Wi-Fi in VO than in BE.
3. Consider configuration 2, which has low UPT for both Wi-Fi and LAA for both BE and VO. Note the following points:

a. Immediately retransmitting the DCI after Fixed 25us LBT at the eNB results in significantly higher DCI transmission overhead. For example, compared to configuration 1, in configuration 2 the eNB spends between 47% and 123% higher time transmitting DCIs for VO and BE cases respectively.

b. To compound the problem, the % of DCIs that fail to elicit a UL transmission is also higher relative to configuration 1 and configuration 3.  
c. The average error % is also much higher in configuration 2 than in configuration 1: 43% higher for BE and 17% higher for VO. The increase in error is due to the following behavior: the UL LBT failure at the UE is due to transmission(s) near the UE that is heard by the UE at above -72dBm but isn’t heard at the eNB. If the eNB does not wait after a UL LBT failure at the UE and continues to send immediate back-to-back DCIs then some of these DCIs themselves collide with the as yet unfinished transmission(s) in the vicinity of the UE, thereby increasing the overall Wi-Fi + LAA error rate in the channel. 

All of the above problems contribute to lower UL UPT for both Wi-Fi and LAA in configuration 2.

4. We next consider configuration 3. It results in fair UPT for Wi-Fi and LAA when the eNB uses BE parameters to access the TXOP and poor UPT for Wi-Fi and LAA when the eNB uses VO. In configuration 3, on UL transmission failure due to a failed LBT, the eNB waits till 25us before the next slot boundary, performs a Fixed 25us LBT and retransmits the DCI. Note the following points:
a. The DCI transmission overhead for BE is 17% higher for this configuration than in configuration 1 which has the best Wi-Fi and LAA UPT. However, the DCI transmission overhead is 47% lower than configuration 2.
b. Configuration 3 also has a 27% lower DCIs that fail to elicit a UL transmission compared to configuration 2.
Both of the above help both LAA and Wi-Fi. This leads to the conclusion that it is a good idea to insert a suitable wait period along with LBT at the eNB before retransmitting a DCI in case of UL LBT failure at the UE. This time insertion is a natural artefact of the symbol or slot boundary based transmission in LAA.
a. Note also that configuration 3 has an average wait time for DCI retransmission of 8.08 seconds at the eNB. As mentioned earlier while describing this metric, this time can be potentially used by a neighbouring Wi-Fi node for its own transmission and consequently help in increasing the Wi-Fi UPT; which is what is observed in this case.

b. For configuration 3, gaining a TXOP at the eNB using VO instead of BE, leads to 14% higher overall error and 26% higher DCI transmission overhead, which lower the UPT of both LAA and Wi-Fi. It also leads to 16% higher wait time for DCI retransmission at the eNB which harms LAA UPT and potentially helps Wi-Fi UPT. 
5. We next compare configuration 4 to configuration 3. In both configurations, the eNB waits till the next slot boundary to retransmit the DCI after a failed UL transmission due to failed UL LBT. However, in configuration 4, the eNB resends the DCI without any LBT at the eNB, while in configuration 3 it performs a Fixed 25us LBT. Note that both LAA and Wi-Fi UL UPT are much lower for configuration 4 relative to configuration 3. This is also supported by the data presented in the table, which show that the channel error, DCI transmission overhead and wait time for DCI retransmission are higher for configuration 4 relative to configuration 3. This indicates that in case a UL transmission fails due to a failed UL LBT, it is essential to perform LBT at the eNB before resending a DCI within the same TXOP.  
6. Finally configuration 5 shows that if LAA can reduce the gap between the end of DL transmission to the beginning of UL transmission from 70us to 25us, it would help LAA UL UPT without harming Wi-Fi UL UPT. A comparison of configuration 5 with configuration 3 shows the point. 
Observation 1: If an LAA UE transmits Best Effort (BE) data in the uplink within a TXOP obtained by the eNB, fair coexistence with Wi-Fi is ensured only when the eNB uses channel access parameters of Best Effort (BE) to obtain the TXOP.
Proposal 1: 
a. The eNB shall perform CAT4 LBT to access the channel for obtaining a TXOP which can be used for scheduling PUSCH transmissions.
b. Each UE that is scheduled by the eNB and whose transmission time is included within the TXOP obtained by the eNB shall perform a single 25us LBT and start its transmission only on success of such LBT.

c. If the eNB uses one of the priority classes X (1…4) as defined in Rel-13 LAA (36.213 v 13.1.0), it shall ensure that:
· Transmissions by all the UEs shall not exceed the minimum possible duration needed to transmit all available buffered traffic corresponding to the channel access priority class  <= X 

· The transmission duration shall not exceed the TXOP for channel access priority class X

· Additional traffic corresponding to channel access priority classes > X is included in the UL transmissions only once no more data corresponding to the channel access priority class <= X is available for transmission.
Observation 2: If a scheduled PUSCH transmission fails due to UL LBT failure at the UE, then fair coexistence with Wi-Fi is achieved only when the eNB does either of the following:
a. Performs a Fixed 25us LBT at the next slot boundary within the TXOP and on LBT success resends the UL grant at beginning of the next slot. 

b. Relinquishes the TXOP and reattempts CAT4 LBT to resend the UL grant.
· Procedure b. leads to the highest UL mean UPT for both LAA and Wi-Fi. As noted above, it is also similar to the scheme followed by Wi-Fi.

Proposal 2: If a scheduled PUSCH transmission fails due to UL LBT failure at the UE, the eNB shall relinquish the TXOP and may perform CAT4 LBT to resend the UL grant.
Observation 3: Reducing the time gap between the end of a DL transmission and the beginning of a UL transmission within a TXOP increases LAA UPT without harming fair coexistence with Wi-Fi.
Proposal 3: Within a TXOP obtained by the eNB, minimize the time gap between the end of DL transmission and the beginning of UL PUSCH transmission.  
2.2 UL LBT and UL traffic multiplexing scheme in Wi-Fi 802.11ax

The UL LBT and traffic multiplexing schemes in Wi-Fi 802.11ax have not been finalized and are still under discussion. However, the following are some of the decisions and discussions relevant to these topics. This information is obtained from the Specification Framework for TGax updated on 17/Mar/2016 [2] and the Proposed TGax draft specification updated on 15/Jan/2016 [3].
1. TXOP sharing scheme: 

· According to section 4.1 of [2] and section 9.59.3 of [3], a TXOP can be shared between DL and UL with xIFS spacing between each DL/UL block. 

· From section 4.3 of [2], the xIFS space between a PPDU that contains a Trigger frame and its triggered HE trigger-based PPDU is actually SIFS.
2. Is UL data transmitted within a TXOP obtained by the AP a function of the LBT priority class used by the AP to obtain the TXOP?
· According to section 4.1 of [2] and section 9.59.2.3 of [3], an STA may multiplex different traffic IDs in the same Trigger-based UL PPDU. However, there would be restrictions on when such traffic multiplexing is allowed. The exact multiplexing rules are still TBD in the specification. However, restrictions have been discussed and referred to in [2] and [4] which make it clear that multiplexing of data of secondary access categories (i.e. data with access priority different from what has been used to win the TXOP) will only be allowed under the following restriction:

· The air time of scheduled UL OFDMA transmission is set by the STA that requires the longest air time to transmit data of the primary access category. 

· In this case, it may happen that other STAs have idle time after exhausting data for the primary access category. In this case, the given STA will be allowed to multiplex data from secondary access categories instead of having idle time or transmit padding.
Note that the above proposed condition for multiplexing data of different access priorities in 802.11ax is very similar to the condition that has been already agreed upon for DL LAA as quoted below:

· “If a DL transmission burst with PDSCH is transmitted, for which channel access has been obtained using LBT priority class X (1...4), the eNB shall ensure that:

· The transmission duration shall not be longer than the minimum possible duration needed to transmit all available buffered traffic corresponding to LBT priority classes ≤ X

· The transmission duration shall not be longer than the TXOP for priority class X

· Additional traffic corresponding to LBT priority classes >X may only be included in the DL transmission burst once inclusion of traffic corresponding to LBT priority classes ≤ X has been exhausted.  In such cases, the eNB should maximise occupancy of the remaining transmission resources in the DL transmission burst with this additional traffic”
3 Observations and Conclusions
Observation 1: If an LAA UE transmits Best Effort (BE) data in the uplink within a TXOP obtained by the eNB, fair coexistence with Wi-Fi is ensured only when the eNB uses channel access parameters of Best Effort (BE) to obtain the TXOP.

Proposal 1: 

a. The eNB shall perform CAT4 LBT to access the channel for obtaining a TXOP which can be used for scheduling PUSCH transmissions.

b. Each UE that is scheduled by the eNB and whose transmission time is included within the TXOP obtained by the eNB shall perform a single 25us LBT and start its transmission only on success of such LBT.

c. If the eNB uses one of the priority classes X (1…4) as defined in Rel-13 LAA (36.213 v 13.1.0), it shall ensure that:

· Transmissions by all the UEs shall not exceed the minimum possible duration needed to transmit all available buffered traffic corresponding to the channel access priority class  <= X 

· The transmission duration shall not exceed the TXOP for channel access priority class X

· Additional traffic corresponding to channel access priority classes > X is included in the UL transmissions only once no more data corresponding to the channel access priority class <= X is available for transmission.
Observation 2: If a scheduled PUSCH transmission fails due to UL LBT failure at the UE, then fair coexistence with Wi-Fi is achieved only when the eNB does either of the following:
a. Performs a Fixed 25us LBT at the next slot boundary within the TXOP and on LBT success resends the UL grant at beginning of the next slot. 

b. Relinquishes the TXOP and reattempts CAT4 LBT to resend the UL grant.
· Procedure b. leads to the highest UL mean UPT for both LAA and Wi-Fi. As noted above, it is also similar to the scheme followed by Wi-Fi.

Proposal 2: If a scheduled PUSCH transmission fails due to UL LBT failure at the UE, the eNB shall relinquish the TXOP and may perform CAT4 LBT to resend the UL grant.
Observation 3: Reducing the time gap between the end of a DL transmission and the beginning of a UL transmission within a TXOP increases LAA UPT without harming fair coexistence with Wi-Fi.

Proposal 3: Within a TXOP obtained by the eNB, minimize the time gap between the end of DL transmission and the beginning of UL PUSCH transmission  
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